The scope of this work was to determine the possibility of the application of the pulsed electric field (PEF) technique to the production of extracts from Moringa oleifera plant material (freeze-dried leaves). Various PEF conditions (pulse duration-PD; and pulse interval-PI) were tested. A field strength of 7 kV/cm was used. The total phenols in the extracts were evaluated by the Folin-Ciocalteu method and the antioxidant activity was evaluated by the radical scavenging activity (DPPH • ), ferric reducing antioxidant power (FRAP) and Rancimat methods. The results were compared with those of the extracts obtained using other extraction techniques, namely microwave-assisted and ultrasound-assisted extractions, simple boiling water extraction, and plain maceration with water (as the control). The highest extraction of total phenols was achieved by the PEF procedure using 40 min treatment at a PD of 20 msec and a PI of 100 µsec. Additionally, all methods for the determination of the antioxidant activity showed that the activity of the extracts was proportional to the total phenol content. Concerning the PEF procedure, a low pulse duration with a high pulse interval is proposed in order to achieve higher extraction efficiency.
Introduction
The major challenges of conventional extraction methods are long extraction times, the requirement of costly and high purity solvents, evaporation of the huge amount of solvent, low extraction selectivity and the thermal decomposition of thermo labile compounds [1] . New and promising extraction techniques have been introduced so as to overcome these limitations. One of these non-conventional novel techniques is extraction with the use of a pulsed electric field (PEF) [2] . The main interest of this non-thermal technology is cell disruption, which leads to increased membrane permeability and the improved mass transfer of inner liquid and cell components from the intracellular vacuoles [3, 4] . Moreover, it leads to an improved extraction yield, decreased processing time, facilitation of the purified extract, the decreased intensity of the conventional extraction parameters, the reduction of heat-sensitive compounds' degradation, and the reduction of energy costs and environmental impact [5] .
with high antioxidant, antimutagenic and anticarcinogenic properties [38] , while different parts of the plant (roots, leaves, flowers, fruits and seeds) contain phytochemicals such as alkaloids, flavonoids, carotenoids, tannins, anthraquinones, anthocyanins and proanthocyanidins [39] . Specific parts of M. oleifera also exert many pharmacological activities such as anticancer, antioxidant, anti-inflammatory, immunomodulatory, antidiabetic, antifungal, antibacterial, hepatoprotective [39] , antidyslipidemic, anthelmintic, antihyperglycemic, antimicrobial, antiproliferative, antiulcer and antiurolithiatic activity [40] .
In this study, freeze-dried M. oleifera leaves were subjected to extraction with PEF. The total phenol content and the antioxidant activity of the extracts were determined. The efficiency of the PEF extraction was compared with other well known methods, namely microwave-assisted and ultrasound-assisted extraction, simple boiling water extraction, and plain maceration (as the control). To the best of our knowledge, there are no other studies concerning the extraction of M. oleifera leaves using PEF technology.
Materials and Methods

Plant Material
M. oleifera seedlings were cultivated in the Agioi Apostoloi area (at 39 • 22 39 .4 N and 21 • 54 00.6 E and elevation of 100 m, according to Google Earth Pro version 7.3.2.5491 (64bit) (Google, Inc., Mountain View, CA, USA) of Karditsa County (central Greece). The leaves from the plants were collected during the morning of 25 October 2018, when the trees were 2 months old. They were delivered to the Food Analysis Lab at the Department of Food Technology of T.E.I. of Thessaly (Karditsa, Greece) 30 min after collection. Afterwards, they were thoroughly washed with tap water and freeze dried using a Telstar Cryodos 80 freeze dryer (Telstar Industrial, S.A., Terrassa, Spain) for 12 h (the moisture content of the leaves was 8%) and milled to particle sizes of about 0.5 mm using a blender. Finally, they were stored in vacuum-sealed polyethylene bags in the dark at ambient temperature (25 • C) until they were used for experiments, i.e., within 3 days.
In all extraction methods, the amount of the dried leaves used was 5% (w/v) and, specifically, 1.25 g of freeze-dried leaves was mixed with 25 mL of double distilled (DD) water. Immediately after each extraction treatment, the mixture of water and plant material was filtered through filter paper. In order to have the same final volume of water, the residue in the filter was rinsed with DD water, until a final volume of 25 mL of the filtered sample was reached.
PEF Apparatus
The PEF equipment used was a static bench scale system. The PEF equipment layout consisted of a high voltage power generator (Leybold, LD Didactic GmbH, Huerth, Germany), a digital oscilloscope (Rigol DS1052E, Rigol Technologies, Inc, Beaverton, OR, USA), a pulse generator (UPG 100, ELV Elektronik AG, Leer, Germany) and a treatment chamber (Val-Electronic, Athens, Greece).
The PEF generator could provide a maximum voltage of 25 kV. This generator provided monopolar, rectangular-shaped pulses. The signals of the voltage, the current, frequency, and pulse waveform were monitored by the digital oscilloscope.
The treatment chamber was made of stainless steel with Teflon screw caps in both ends. The positive electrode was attached on a stainless steel cylinder (150 mm in length, 26 mm internal diameter). The negative electrode was attached on a stainless steel cylinder (6 mm in diameter and 140 mm in height) which was placed inside the first cylinder. The sample (freeze-dried leaves + DD water) was poured in the treatment chamber and the steel negative electrode was screwed in. The electric field strength, E, was calculated as E = U/d, where U is the applied voltage and d is the distance between the electrode and the stainless steel cylinder (d = 1 cm). The electric field strength (E) was set at 7 kV/cm.
The variables included the pulse duration (PD), which is the period of time during which the electric field is applied; and the pulse interval (PI), which is the period between two pulse applications.
Extraction Procedures
PEF Extraction
Once the freeze-dried M. oleifera leaves and the DD water were introduced into the treatment chamber, the PEF application started. The pulses were monitored by the oscilloscope during the whole treatment. The experiment was divided into two parts. For the first part, the PD was kept constant while the PI was altered. In the second part, the PI was kept constant while the PD was changing. The treatment time was the same (40 min) in all experiments. The details of the above conditions are presented in Table 1 . The temperature of the contents of the treatment chamber was checked after treatment with an infrared thermometer (GM300, Benetech, Shenzhen Jumaoyuan Science and Technology Co., Ltd., Shenzhen, China). It was observed that there was no significant increase in the temperature (∆t < 1 • C). After treatment, the mixture was filtered through filter paper. The residue was rinsed with about 9.7 mL of DD water in order to replenish the water absorbed by the plant material during the procedure.
Extraction with Boiling Water
After the DD water reached boiling point (~100 • C), the freeze-dried leaves were added to the beaker and then the mixture was left for 2 min (without heating). The temperature at the end of the extraction time was 88 • C (Table 1) . After treatment, the mixture was filtered through filter paper. The residue was rinsed with about 15.4 mL of DD water in order to replenish the water evaporated or absorbed by the plant material during the procedure.
Microwave Extraction
After the freeze-dried leaves were immersed in DD water, the mixture was exposed to microwaves in a microwave oven (Candy CMW 1770 M, Candy Hoover S.r.I., Brugherio, Italy) (maximum power 700 W), operating at 350 W for 2 min. The sample temperature after the microwave treatment was approximately 80 • C (Table 1) . After treatment, the mixture was filtered through filter paper. The residue was rinsed with about 13.5 mL of DD water in order to replenish the water evaporated or absorbed by the plant material during the procedure.
Ultrasound Extraction
Ultrasound treatment was determined using an Elmasonic S 100 H ultrasound bath (Elma GmbH and Co. K.G., Singen, Germany). The freeze-dried leaves were immersed in DD water in a beaker, which was then placed inside the bath and exposed to the ultrasound treatment. The ultrasound bath operated at a power of 150 W and a frequency of 37 kHz, while the treatment duration was 15 min. The temperature of the bath was set to ambient and the temperature during the treatment never exceeded 36 • C (Table 1) . Immediately after treatment, the mixture was filtered through filter paper. The residue was rinsed with about 10.5 mL of DD water in order to replenish the water evaporated or absorbed by the plant material during the procedure.
Control Sample
A control sample was prepared for comparison purposes. This sample was prepared using the same quantity of both freeze-dried leaves and DD water. The leaves remained in water for 40 min (at ambient temperature), which was equal to the duration of the PEF procedure (Table 1) , and then the mixture was filtered through filter paper. The residue was rinsed with about 9.6 mL of DD water in order to replenish the water evaporated or absorbed by the plant material during the procedure.
Determination of the Total Phenol Content
A previously described protocol [41] was used for the determination of the total phenols. Briefly, 0.78 mL of distilled water, 0.02 mL of the sample extract and 0.05 mL of Folin-Ciocalteu reagent (2 M) (Merck, Darmstadt, Germany) were added in a 1.5 mL Eppendorf tube. After exactly 3 min, 0.15 mL of anhydrous sodium carbonate (Na 2 CO 3 ) (Merck) 20% (w/v) was added to the tube and the mixture was allowed to stand at room temperature in the dark for 60 min. The absorbance was read at 750 nm in a Shimadzu UV-1700 UV/Vis spectrophotometer model (Shimadzu, Tokyo, Japan), and the total phenol concentration (C TP ), expressed in mg/g of dry matter (d.m.), was calculated from a calibration curve (25-200 mg/g), using gallic acid (Sigma-Aldrich, Hohenbrunn, Germany) as a standard. Total phenols content (TPC) was determined as mg of gallic acid equivalents (GAE) per g of the freeze-dried M. oleifera leaves, using the following equation:
where V is the volume of the extraction medium (in L); and w is the weight of the Moringa oleifera sample (in g of d.m.).
Determination of Antioxidant Activity
DPPH • Assay
For the determination of antioxidant activity DPPH • (2,2-diphenyl-1-picrylhydrazyl) (Sigma-Aldrich) assay was used. The assay was performed using a well established methodology [42] . A volume of 0.025 mL sample extract was mixed with 0.975 mL DPPH • solution (80 µM in methanol) and the absorbance at 515 nm (using a Shimadzu UV-1700) was read immediately after mixing (A 515(i) ) and after exactly 30 min (A 515(f) ). The capacity to scavenge the DPPH • radical was expressed as:
The determination of antioxidant activity was also determined by the use of a FRAP assay. Determinations were performed according to a previously described protocol [43] . Sample extract (0.05 mL) was mixed thoroughly with 0.05 mL FeCl 3 (Merck) solution (4 mM in 0.05 M HCl), and incubated for 30 min in a water bath at 37 • C. Next, 0.90 mL TPTZ (Sigma-Aldrich) solution (1 mM in 0.05 M HCl) was added, and the absorbance was recorded at 620 nm (using a Shimadzu UV-1700) after exactly 5 min. Ascorbic acid (Sigma-Aldrich) concentration (C AA ), expressed in µmoL/g, was calculated from a calibration curve (20-100 µmoL/g). The reducing power (P R ) was determined as µmoL ascorbic acid equivalents (µmoL AAE) per g of the freeze-dried M. oleifera leaves, using the following equation:
where V: is the volume of the extraction medium (in L); w: the weight of Moringa oleifera sample (in g of d.m.).
Rancimat Method
The antioxidant activity of the extracts was determined by the Rancimat method as described by Lalas et al. [38] . Specifically, each extract was accurately weighed to obtain 5000 ppm in purified (according to the method of Fuster et al. [42] ) sunflower oil and its activity was determined using a Metrohm Rancimat 743 (Metrohm Ltd., Herisau, Switzerland), along with another sample of sunflower oil without the addition of the extract, as the control. The conditions were set to 90 • C and 15 lt/min. The protection factor (PF) was calculated as shown below: PF = induction period with antioxidant induction period without antioxidant A PF greater than 1 indicates the inhibition of lipid oxidation. The higher the value of PF, the better the antioxidant activity observed [44] .
Statistical Analysis
The results are displayed as the means of three determinations. The standard deviation (SD) is given in parentheses. The statistical significance (at p < 0.05) of the differences between the mean values was assessed by the ANOVA test using SPSS software (SPSS Inc., Chicago, IL, USA).
Results and Discussion
Brodelius et al. [45] were the first to carry out a study concerning improvement of the extraction of intracellular compounds with high added value by the application of pulsed electric fields [46] . They were interested in extracting berberine and betacyanins from Chenopodium rubrum and C. rubrum. They succeeded in extracting these compounds from plant cells; however, this was only after the irreversible electroporation of the cells. Dörnenburg and Knorr [47] , confirmed this conclusion after intracellular pigment (amarantine and antrachinone) extraction trials from two plants, C. rubrum and Morinda Citrifolia. Fincan et al. [48] also revealed that the extraction of betanin, a red beet pigment, was possible after the irreversible electroporation of cells. Tedjo et al. [49] and Boussetta et al. [50] made a successful effort to extract polyphenols from the skin and seeds of grape, respectively. According to Eshtiaghi and Knorr [51] , the sugar contained in the cells of sugar beets can also be extracted effectively after irreversible electroporation of the membranes. Coconut milk has also been extracted with this technology [52] . In another study, the PEF treatment of Chlorella vulgaris algae with a 15 kV/cm field strength increased protein, chlorophyll and carotenoid concentrations of the extracts [53] .
Delsart [46] also reported that the use of a pulsed electric field as pretreatment or in combination with extraction by the pressing of fruit and vegetable juices (apple juice, carrots, spinach, sugar beets, beans, artichokes, red cabbages, potatoes, onions, and grapes) was found to be very promising since the extraction efficiency was significantly improved. Similarly, the extraction of vegetable oil (corn oil, olive oil and soybean oil) was greatly improved.
During the present work, the effect of PEF on the production of extracts from the freeze-dried M. oleifera leaves was studied for the first time (to our knowledge). Various PEF conditions (different PD and PI) were tested in order to optimize the procedure. Monitoring of the extraction in order to achieve optimization was carried out by means of the total phenol concentration (using the Folin-Ciocalteu method). At the same time, the PEF results were compared to those of other known extraction techniques. The antioxidant activity of the extracts from each one of the tested conditions/techniques was also determined using various methods (DPPH • , FRAP, Rancimat method).
Total Phenol Content of the Extracts
Initially, the mixture of the freeze-dried leaves and water was submitted to various PEF conditions and other extraction methods. The results are presented in Table 2 . It appears that the highest extraction of polyphenols was achieved by the PEF 5 procedure, applying PD and PI of 20 msec and 100 µsec, respectively. The lowest extraction of total polyphenols was achieved by PEF 1, PEF 2 and the control (maceration-freeze-dried leaves in water for 40 min).
Apart from PEF 3 and 7, there were significant differences (p < 0.05) between the various PEF conditions. It appears that decreasing the PI (from 100 to 25 µsec) while retaining the PD at 10 msec increases the extraction efficiency of the PEF procedure. Increasing the PD (from 20 to 100 msec) while retaining the PI at 100 µsec reduces the quantity of extracted total polyphenols (Table 2) . Therefore, a low PD with a high PI is proposed as the best condition for the extraction of total polyphenols from the freeze-dried M. oleifera leaves.
Apart from the PEF 5 and PEF 4 procedures, a high extraction of total phenols was achieved by microwave-assisted extraction. In comparison to PEF, the microwave-assisted procedure extracted fewer (significant at p < 0.05) polyphenols than PEF 4 and 5 but significantly more (p < 0.05) than all the other PEF conditions/procedures ( Table 2) .
The heating (boiling) procedure extracted significantly more (p < 0.05) phenols than PEF 1, PEF 2, the ultrasound-assisted extraction procedure and the control but fewer (significant at p < 0.05) from all other conditions/procedures of PEF (except for PEF 8, which showed no significant difference).
Similarly, the ultrasound procedure extracted significantly more (p < 0.05) phenols than PEF 1, PEF 2 and the control but fewer (significant at p < 0.05) compared to all the other conditions/procedures of PEF.
As indicated by the results (Table 2) , the PEF procedure could be a viable alternative for the extraction of phenols from the freeze-dried M. oleifera leaves. Microwave-assisted extraction is a very fast method that can significantly increase the concentration of phenols in the extraction medium. However, in large industrial or semi-industrial scales, it requires expensive equipment and demands high-energy consumption. Furthermore, this procedure significantly increases the temperature of the sample and the extraction medium-something that can, in many cases, cause the partial destruction or loss of some of the important compounds (i.e., essential oils, etc.) of the extracted material. Extraction with heating (boiling) is the oldest and most commonly used technique. It is fast and uses relatively low-cost equipment that is also easy to operate. However, it has high energy consumption and, of course, a high temperature is used, which can, in many cases (like microwave-assisted extraction), cause the partial destruction or loss of some of the important compounds of the extracted material. Ultrasound-assisted extraction is also a fast method that can increase the concentration of valuable compounds in the extraction medium. However, again, in large industrial or semi-industrial scale applications, it requires expensive equipment and has high energy consumption. It does not significantly increase the temperature of the sample (or the extraction medium) but its ability for extraction appears lower compared to microwave extraction and the heating (boiling) procedure. PEF, alternatively, is less power demanding (and hence more cost effective) and more importantly, it does not increase the temperature (usually <1 • C), which means that the extraction of high-value components is possible, especially in the case of sensitive compounds or materials. However, as a relatively new technique, it may require special equipment/machinery, which could be expensive at present.
Antioxidant Activity of the Extracts
The antioxidant activity of the extracts was determined by using three different methods, namely, the DPPH • (radical scavenging activity), FRAP (ferric reducing antioxidant power) and Rancimat methods. These different methods were selected in order to determine the potential of the extracts in providing antioxidant protection under different conditions. Specifically, the DPPH • method measures the ability of an extract (or compound) to reduce (the % of disappearance/reduction is determined) a stable free radical (i.e., DPPH • ; C 18 H 12 N 5 O 6 , M = 394.33). This method mainly determines the ability of a compound to donate a hydrogen atom [54] , which is one of the abilities of "primary" antioxidants. The FRAP method relies on the reduction of the complex ferric ion-TPTZ [55] , meaning that it is measuring the ferric-reducing ability of a compound. This method determines mainly the ability of a compound to chelate ferric ions (catalysts of oxidation reactions), which is another ability (different than the one determined by the DPPH • method) of a "primary" antioxidant. Finally, with the Rancimat method, the resistance of fats and oils to oxidation is measured. The method is generally used for lipids. However, it can also be used for the screening of antioxidant activity provided by a compound or extract on a real food (vegetable oil). The method is based on the measurement of the induction time, which decreases with the degradation of a lipid. The induction time depends on the type of lipid, the degree of unsaturation and the added antioxidants. One of the advantages of the Rancimat method is that it determines change in a "real" food (which is not the case with the two previously described methods). However, the method uses accelerated conditions (elevated temperature and high air current) which can cause some compounds or extracts to give false negative results (i.e., α-tocopherol).
The results of the % reduction of the DPPH • radical (DPPH • method) are shown in Table 3 . It appears that the % reduction is proportional to the total phenols content of the extracts. The highest reduction was achieved by the PEF 5 procedure, which caused almost total (98.31%) disappearance of the DPPH • radical. The lowest reduction was achieved by the control sample (maceration-freeze-dried leaves in water for 40 min). Apart from PEF 3 and 7, there were significant differences (p < 0.05) between the various PEF conditions concerning the % reduction of the DPPH • radical. M. oleifera leaves are known for their high content in total phenols, flavonols [38] and other flavonoids [56] and, therefore, the high % reduction ability of the extracts was expected. The results of the ferric reducing antioxidant power (FRAP assay) are shown in Table 4 . It appears that the reducing ability of the extracts on ferric ions followed the trend of the DPPH • method. Again, the highest ferric reduction was achieved by the PEF 5 procedure (108.22 µmoL AAE/g d.m.) followed by that of the PEF 4 procedure. The lowest reduction was achieved again by the control sample. The reduction of the ferric ions presented significant (p < 0.05) differences among the different PEF procedures (except for PEF 3 and 7). M. oleifera extracts have previously shown [57, 58] high ferric ion reduction ability. The results of the Rancimat method are shown in Table 5 . Again, it appears that the results followed the same trend as those of the DPPH • and FRAP methods. The highest PF was achieved by the PEF 5 procedure (PF = 3.7) followed by that of the PEF 4 procedure (PF = 3.0) and microwave-assisted extraction (PF = 2.9), while the lowest was shown by the control (PF = 1.0). No significant (p < 0.05) differences were presented among the PEF 3, 6, 7 and 8 procedures and boiling water extraction. M. oleifera leaf extracts (hot water extract) have previously shown [38] high antioxidant action (PF = 4.2). This result was higher than that produced during the present work. This can be attributed to the different agroclimatic conditions and cultivation techniques. 
Conclusions
The scope of this work was to determine the possibility of application of the PEF technique (with various parameters) to the production of plant extracts. During this study, the PEF procedure was used for the production of extracts from the freeze-dried leaves of M. oleifera. Other, well-known extraction techniques, namely, microwave-and ultrasound-assisted extractions, the simple boiling water extraction procedure and simple maceration with water (as the control), were used for comparison purposes. The efficiency of the extraction was determined by means of total phenol concentration assays. Additionally, the antioxidant activity of the extracts was determined using three methods, namely, the DPPH • , FRAP and Rancimat methods. The highest extraction of total phenols was achieved by the PEF procedure, using a PD of 20 msec and a PI of 100 µsec for a 40 min treatment. All methods used for the determination of the antioxidant action showed that the activity of the extracts was proportional to the total phenol content. Concerning the PEF procedure, a low PD with a high PI is proposed in order to achieve higher extraction efficiency.
According to the results of the present study, PEF technology is a promising alternative compared to other methods (i.e., boiling, microwave-assisted and ultrasound-assisted extractions, etc.) for the extraction of important compounds from plant material. Furthermore, PEF is less power demanding (and hence less expensive) and, more importantly, does not increase the temperature (<1 • C) of the sample (or extraction medium), which means that the production of high-value extracts is possible, especially in the case of sensitive compounds. Future research should be focused on the optimization of the process by using different PEF parameters (pulse duration, pulse interval and electric field strength) or by using other electrical pulse shapes in order to increase the extraction efficiency.
